A tandem dimer of miscanthus streak virus (MiSV) DNA was inserted into the T-DNA of the binary plasmid vector pBIN19 and agroinoculated into several monocotyledonous plants (monocots) using Agrobacterium tumefaciens or A. rhizogenes. Disease symptoms and geminate particles were produced in maize and Panicum milaceum plants, and MiSVspecific double-stranded and single-stranded DNAs were found in these plants. The nucleotide sequence of the infectious MiSV clone, consisting of 2672 nucleotides, was determined. Four open reading frames (ORFs) for proteins of Mr greater than 10K were identified, two (V0 and V2) in the virus (+) sense and two (C1 and C2) in the complementary (-) sense, although C2 did not have an ATG start codon. Unlike other geminiviruses infecting monocots, complementary-sense ORFs did not overlap. Potential splicing donor and acceptor sites were identified in the sequence of the border region between the C terminus of ORF C1 and the N terminus of ORF C2. "Amino acid sequences predicted from three (V2, C1 and C2) of these ORFs showed significant homology with the corresponding ORFs of other geminiviruses infecting monocots. A fifth ORF (V1), which showed some homology with ORF V1 of other monocot-infecting geminiviruses despite having a coding capacity for a product of Mr 8-8K, was found just upstream of ORF V2 as observed in those geminiviruses. ORF V0 showed no significant homology with ORFs present in any other geminiviruses. A mutation of V0 indicated that the C-terminal 30% of this ORF was not necessary for infection in maize, but that sequences around the mutated LspI site might have some regulatory role.
Introduction
Members of the geminivirus group of plant viruses are characterized by their twinned (geminate) particles encapsidating circular ssDNA (for a review see Stanley, 1985) . There are three proposed subgroups, namely the whitefly-transmitted viruses infecting dicotyledonous plants (dicots), the leafhopper-transmitted viruses infecting dicots and the leaf hopper-transmitted viruses infecting monocotyledonous plants (monocots) (Stanley et al., 1986) . Miscanthus streak virus (MiSV) is a geminivirus from Japan which causes leaf streak and stunting of Miscanthus sacchariflorus Benth. et Hook. The insect vector of MiSV has not been identified. The biological and physical properties of MiSV have been characterized (Yamashita et al., 1985) , but little is known about the The nucleotide sequence data reported in this paper appear in the DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession number D01030. molecular biology of the virus. The nucleotide sequences of the DNAs of several monocot-infecting geminiviruses have been determined. These are the Nigerian, Kenyan and South African isolates of maize streak virus (MSV-N, MSV-K and MSV-S, respectively; Mullineaux et al., 1984; Boulton et al., 1991; Howell, 1984 Howell, , 1985 Lazarowitz, 1988) , the Swedish and Czechoslovakian isolates of wheat dwarf virus (WDV-S and WDV-CJI, respectively; MacDowell et al., 1985; Woolston et al., 1988) , digitaria streak virus (DSV; Donson et al., 1987) and chloris striate mosaic virus (CSMV; Andersen et al., 1988) . All of these viruses are leafhopper-transmitted and, except for CSMV and MSV-K, have been sequenced from infectious clones.
The cloning of MiSV from infected M. sacchariflorus leaves has already been reported (Ikegami et al., 1989) . Here we have constructed and sequenced an infectious MiSV clone, and have compared the nucleotide sequence and its putative amino acid sequences with those of other monocot-infecting geminiviruses.
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Methods
Cloning of MiSV dsDNA. MiSV-infected M. sacchariflorus leaves were harvested in Chiba, Japan. MiSV-specific dsDNA was extracted from the leaves, purified and cloned into pBR322 at the unique HindIII site to construct the genome-length clone pMISH6 (Ikegami et aL, 1989) . It was also cloned into pUCll9 (Vieira & Messing, 1987) at the unique BamHI site to construct another genome-length clone, pMISB2, as described by Ikegami et al. (1989) . DNA manipulations were carried out as described by Maniatis et al. (1982) unless otherwise stated. The 2.7 kbp viral DNA fragment of pMISH6 was excised with HindIII, eluted from an agarose gel and ligated with the binary Ti plasmid vector pBIN 19 linearized with HindIII. The vector was dephosphoryluted with alkaline phosphatase, and the insert : vector molar ratio was approximately 200:1. The ligated plasmid was transformed into Escherichia coli strain DH5~ (a recombination-deficient suppressing strain) and a tandem dimeric clone, pMISH6T, was identified by restriction enzyme analysis of a mini-preparation of plasmid DNA. Another dimeric clone, pMISB2T, was constructed in pBIN19 using pMISB2 and BamHI.
Agroinoculation. The tandem dimeric clones of MiSV in pBIN19 (pMISH6T and pMISB2T) were conjugated into Agrobacterium tumefaciens strain C58, .4. rhizogenes strain A4 or A. rhizogenes strain LBA9402 as described by Ditta et al. (1980) . Agroinoculation, using the Agrobacterium strains described above, into maize (cv. Golden Cross Bantam), Panicum milaceum, wheat (cv. Marls Butler and cv. Norman), barley (cv. Igre and cv. Marls Otter), spring oats (cv. Saladin), Lolium temulentum and Digitaria sanguinalis, was carried out as described by Boulton et al. (1989a) . Approximately 2-week-old seedlings were used for the inoculation of maize, and 3-week-old seedlings for the other plants. In the work described in this paper, an open reading frame (ORF) theoretically encoding a protein of Mr 15.4K was revealed (see results). This ORF, designated V0, was tested by mutagenesis to determine whether it had a function (see later). For agroinoculation with the V0 mutant, only A. tumefaciens strain C58 and maize plants were used, and symptoms were compared with those of wild-type MiSV-agroinoculated maize plants.
DNA analysis of agroinaculated plants. All monocots used for the host range studies were tested for the presence of virus DNA by spot hybridization (Maule et al., 1983) . Plants were harvested 6 to 8 weeks after inoculation and crude leaf extracts were used. A 32p-labelled probe was prepared from a full-length HindIII fragment of MiSV DNA by the random priming method of Feinberg & Vogelstein (1983) . For Southern blotting analysis, total nucleic acid was extracted as described by Boulton et al. (1989b) .
Virus purification and electron microscopic observation. Virus particles were purified as described by Boulton et aL (1984) . Approximately 70 g of agroinfected maize leaves which showed streak symptoms was used. The pellets resulting from the final ultracentrifugation were resuspended in 900 p.l of 0.01 M-phosphate buffer pH 7.0. This sample was negatively stained with 2 ~ aqueous uranyl acetate using carbon-coated 400-mesh copper grids and observed in a Jeol 100B electron microscope.
DNA sequencing. The cloned pMISH6 DNA was digested using the following endonucleases: BamHI, BgllI, EcoRI, HindlII, PstI and Sau3AI, and the fragments were subcloned into pUCI19 and/or pUC118 (Vieira & Messing, 1987) . A large fragment generated by digestion with Sau3AI (approximately 800 bp) was subcloned into pUCll9 at the BamHI site, and deleted with exonuclease III for sequencing. In order to make sure that there was no other HindlII site around the HindlII site used to construct pMISH6, the other clone, pMISB2, was digested with EcoRI and PstI so that the fragment included the HindlII site internally, and was subcloned into pUC119 and sequenced. Nucleotide sequence analysis was carried out by the enzymic dideoxynucleotide chain termination method (Sanger et al., 1977 (Sanger et al., , 1980 with Sequenase and fluorescent universal dye primers as modified by Applied Biosystems Inc. (A.B.I.) for dsDNA templates, using DNA sequencer model 370A (A.B.I.).
Sequence comparisons with other geminiviruses. Homologies were detected using the DNASIS program version 4 (Hitachi Software Engineering). The following geminivirus DNA sequences were used for comparison: MSV-N, WDV-S, DSV and CSMV. Amino acid sequence homology data are reported as the percentage total identity (i.e. percentage direct identity plus percentage familial identity). The familial amino acid groups used are C; A, S, T, P and G; N, D, E and Q; H, R and K; M, L, I and V; F, Y and W as described by Schwartz & Dayhoff 0978) . The hydrophobicity of putative proteins was also analysed using the DNASIS program.
Mutagenesis of the virion-sense ORF VO. DNA of the clone pMISB2 was digested with Lspl, rendered blunt-ended using the large fragment of DNA polymerase I (Klenow fragment) and re-ligated. This resulted in a two-base insertion mutant (pMISVOD). The insertion was confirmed by nucleotide sequencing, prior to the construction of a tandem dimeric clone (pMISVODT) to be used for infectivity studies.
Results and Discussion
Cloning and agroinoculation of infectious MiSV clones
MiSV-specific dsDNA extracted from the leaves of MiSV-infected M. sacchariflorus plants was cloned into plasmid vectors to construct a HindIII clone, pMISH6, and a BamHI clone, pMISB2. A tandem dimeric copy of each MiSV genomic DNA cloned into pBIN19, pMISH6T and pMISB2T, respectively, was agroinoculated into maize, P. milaceum, wheat, barley, spring oats, L. temulentum and D. sanguinalis using A. tumefaciens strain C58, A. rhizogenes strain A4 or strain LBA9402. These strains are known to be able to transfer geminivirus DNA to the plant varieties tested (Boulton et al., 1989a; Boulton & Davies, 1990) . The first symptoms were observed in maize 2 weeks after inoculation, and after 6 weeks up to approximately 30% of the agroinoculated plants were infected. Symptoms were also observed in P. milaceum plants, initially 3 weeks after inoculation, and increasing to about 50 % of inoculated plants 6 weeks after inoculation (for the symptoms observed in the leaves of agroinfected maize, see Fig. 4c ). No symptoms were detected in other monocot plants tested (data not shown). Both pMISH6T and pMISB2T were infectious in maize and P. milaceum plants and both clones induced identical symptoms in infected plants (data not shown). Spot hybridization analysis of all the inoculated plants confirmed that only those showing symptoms contained viral DNA (data not shown). Total nucleic acid was extracted from spot hybridization=positive maize and P. milaceum leaves. Southern blot analysis revealed the presence of MiSV-specific double-stranded and singlestranded DNAs; comparison of the DNA extracted from 
Nucleotide sequence and genome organization of MiSV
Recombinant DNAs pMISH6 and pMISB2 containing full-length MiSV DNA were used as source DNAs for sequencing. The nucleotide sequence of MiSV DNA (2672 nucleotides) is shown in Fig. 2 . A sufficient number of overlapping subclones from pMISH6 were used to determine the sequence completely in both orientations, leaving no ambiguous sections. The sequencing of the BamHI clone pMISB2 through the HindIII site confirmed that there was no other HindIII site in the MiSV genome. Taking a free energy of AG > -58kJ/mol as a baseline, five potential stem-loop structures were identified in MiSV DNA (see Fig. 3 ). The nonanucleotide sequence TAATATTAC known to be conserved in all geminiviruses sequenced to date was present in the loop of hairpin number 5. * The familial amino acid groups are as described by Schwartz & Dayhoff (1978) .
The MiSV sequence was screened for potential coding regions in all three reading frames in both senses. ORFs starting with a proximal 5 ATG triplet and with the potential to code for proteins with Mrs > 10K are shown in Fig. 3 . Two ORFs, V0 and V2, were found in the virion ( + ) sense, encoding putative polypeptides of Mr 15.3K and 28-2K, respectively, and one ORF, C1, encoding a putative 25K protein, was found in the complementary ( -) sense. An additional ORF, C2, with a potential coding capacity for a protein of Mr 15.8K, but without an ATG start codon, is shown in Fig. 3 since it is analogous to those detected in other monocot-infecting geminiviruses (see Table 1 ). An ORF (V1) with the capacity to code for a product of Mr 8.8K is also shown in Fig. 3 . This ORF is located just upstream of ORF V2 as observed in the genome of other monocot-infecting geminiviruses, and shows some homology with the corresponding ORF (V 1) of those viruses (see later). The genome maps of other monocot-infecting geminiviruses are also shown in Fig. 3 for comparison (for nomenclature of putative genes V1, V2, CI, C2, etc., see Davies & Stanley, 1989) .
The positions of potential promoter regions (TATA box) and polyadenylation signals (GATAA or AATAA) are also shown in Fig. 3 . The putative polyadenylation signals in the AT-rich inverted repeat sequences located downstream of the ORF C2 may be common to both ORFs C1 and C2. ~CC~TGG~AGGT~TTC~T~CCT~TGGTGG~GG~GG~T~TT~TC~T~GCC~TCCTT~` G~`C~CGGGT~GGCT1~lCGGGT~`lCqq`G~q`C(~'G~GT' [~GGAG'1`C~C~CA1`' ĩ'CA'`CAG~G 1930 1940 1950 1960 1970 (Fig. 3b) .
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Comparisons with other monocot-infecting geminiviruses
The nucleotide sequence of MiSV was compared with those of other monocot-infecting geminiviruses (MSV-N, WDV-S, DSV and CSMV) using the Harr plot and some homology, especially within ORF C2, was revealed (results not shown).
The amino acid sequences of the ORFs of MiSV were also compared with their counterparts and direct and familial homology is shown in Table 1 . In the case of ORF V0, only comparisons with ORF V1 of the other geminiviruses are shown in Table 1 , because the counterpart of ORF V0 which is located between the N terminus of ORF V2 and that of ORF C1 can be considered to be equivalent to ORF V1 at that location. Significant amino acid sequence homologies were seen within ORFs V2 and C1. The V10RF was less conserved, and ORF V0 showed no significant homology. The ORF C2, which as with WDV-S, DSV and CSMV lacked an ATG initiation codon, was highly conserved. This high conservation of the C20RFs and the demonstration of the requirement of C2 for the replication of WDV (Schalk et al., 1989) suggest that it is likely to be functional. The C 1 and C20RFs of MiSV do not overlap as extensively as their counterparts in MSV, WDV, CSMV and DSV.
It has been shown that splicing of the complementarysense transcript is necessary for the replication of WDV-S in Tritieum monococcum protoplasts (Schalk et al., 1989) , and has also been detected in DSV replication (Accotto & Mullineaux, 1989; Mullineaux et al., 1990) . Examination of the C1/C2 sequences of MiSV revealed the presence of putative 5 and 3 splice junctions and likely branch point sequences (Brown, 1986) , at positions equivalent to those in the genome of other monocotinfecting viruses (data not shown). Thus both the C1 product and the C1/C2 fusion protein of MiSV may be produced. If that is the case, the fusion protein would have a size (40-2K) comparable to the other geminivirus putative C1/C2 products (data not shown).
A C-terminal mutation ofORF VO
The presence of an ORF (V0) encoding a 15.4K product which spans the stem-loop (number 5) present within all geminiviruses (Stanley, 1985) is without precedent. A two-base insertion was introduced into ORF V0 at the LspI site to determine whether it had a function. The insertion caused a frameshift within this ORF, but did not affect ORF V1. Approximately 70~ of the amino acid sequence of the V0 protein was unchanged but the frameshift resulted in a modified C terminus and a truncated product (Fig. 4a, b) . When the tandem dimer of the mutant genome in pBIN19, pMiSVODT, was agroinoculated into maize plants, it resulted in a ratio of infected plants similar to that of the wild-type inoculum (19/92 and 8/42 plants infected, respectively), although symptoms were delayed by 1 week. The streaks obtained in maize plants inoculated with the V0 mutant were wider but the symptoms were milder compared to those observed in the wild-type MiSV-infected maize plants (Fig. 4c) . From these results it may be concluded that either only the N-terminal and central positions of the V0 product are required for infectivity or that the product is dispensable. However, since V0 shows no significant homology with the ORFs of other monocot-infecting geminiviruses and it spans the large hairpin-loop structure containing the conserved nonanucleotide sequence TAATATTAC, it is likely that V0 is not expressed. Further, by analogy with the transcript mapping data for MSV (Morris-Krsinich et al., 1985) , DSV (Accotto et al., 1989) and cassava latent virus (Townsend et al., 1985) , it is likely that the promoter sequence (TATAA) for the virion-sense transcripts of MiSV lies within the V 0 0 R F (Fig. 3) . The reason for the modified symptoms observed in plants inoculated with this mutant may not be due to an effect on the V0 product per se but on the expression of other virus gene products, for example the V1 or V2 products, since it has been shown that virion-sense gene sequences in MSV are implicated in the determination of streak width in maize plants (Boulton et al., 1991) . The V 1 0 R F encodes a product of only 8-8K yet it may be functionally equivalent to the V 1 products encoded by other monopartite geminiviruses since computer analysis of hydrophobicity showed the presence of a hydrophobic N-terminal region which is conserved in other monocotinfecting geminiviruses (M. Boulton, unpublished data). The V1 product of MSV has been shown to be necessary for a symptomatic infection of maize plants (Boulton et al., 1989; Lazarowitz et al., 1989) . A sequence analysis revealed that there was no possibility of the small ORF V1 of MiSV coding for a protein larger than 8.8K, it may represent the smallest functional protein identified in the geminiviruses, and may provide a caveat to the use of the 10K minimum size limit for the identification of potential gene products.
